Abstract Active microwave has a huge potential in the estimation of soil moisture especially over large areas where the meteorological observations are seldom. The large contrast in dielectric constant between different types of soil is considered as the main factor for measuring the moisture content. This study is aimed at the extraction of soil moisture over the areas of Bukit Antarabangsa, Malaysia using active microwave remote sensing technique in order to examine the impact of moisture content dynamically on landslides occurrence, which have been a basic challenge that threaten Bukit Antarabangsa area, particularly in falling of monsoon seasons. This study addressed a specific event that took place in 6 December 2008 due to a very high level of precipitation that resulted in a raise in ground water table causing the occurrence of landslide. One Radarsat-1 image acquired in July 2008 before the landslide was used for generating the moisture content map. The resultant moisture content map showed a reasonable distribution of the moisture concentrated over the forest areas which has previous records landslides. Moreover, it was found that the previous landslide events were within the high moisture zone indicating the presence of high moisture content. Subsequently, three moisture maps were extracted from Landsat-7 ETM+, which were then used for validation process. A statistically based validation technique was used by calculating area under the curve that correlates the high moisture values of three images. In order to validate the Landsat-7 ETM+ moisture content, monthly rainfall data was plotted against the high moisture values derived from three Landsat-7 images. The validation result indicated an acceptable compatibility. The spatial relation between high moisture areas in Landsat-7 ETM+ images along the year resulted in a good fitting in the high-low moisture distribution areas with sensitivity ranged of 60-70 %. Finally, the moisture content map generated by Radarsat-1 was validated using a landslide inventory map. The resultant validation produced an area under curve of 0.704 (70 %).
Introduction
Soil moisture is considered as the basic parameter that influences and controls the management of agriculture, land surface, and natural resources. Therefore, detailed information about the distribution of soil moisture is extremely vital. Over larger areas, direct field-based measurement of soil moisture is a time-consuming and expensive affair. Over the years, satellite-based remote sensing techniques are very popular for assessment of soil moisture (Hutchinson 1991) .
There are mainly two major techniques in remote sensing from which soil moisture can be estimated depending on the length on energy wave captured or backscattered by the satellite's sensor (Lakhan 2009) . First is the visible/infrared remote sensing of soil moisture, which relies on the measurement of the sun radiation reflected (i.e., albedo) from the earth's surface making use of the known relationship between albedo and soil moisture. In these techniques, the reflection of the shortwave radiation from the surface is influenced by the moisture status of the soil. Sellers et al. (1992) and Smith et al. (1992) stated that the latent heat flux is related to soil moisture. The outcomes were afterwards verified by theoretical researches utilizing models that was first named by the Universal Triangle and built to describe the fundamental evaporation processes in the surface, along with the water partitioning between transpiration from vegetation, drainage, surface runoff, and soil moisture variations (Gillies and Carlson 1995) . Second is the microwave remote sensing, which has some advantages over the optical one because of its ability to penetrate through the atmosphere under different conditions like clouds, rains, snow, and haze. The ground-penetrating radar is a good example applied to a wide range of surface environmental processes such as sedimentary structure and groundwater table (El-Behiry and Hanafy 2012) . Synthetic aperture radiometer (SAR) is yet another example that has been widely applied for mapping surface moisture content in a fine spatial resolution mode (Elbialy et al. 2013) . As a result, it facilitates mapping of moisture content over tropical landscapes, especially Terra SAR-X which is additionally used in natural diverse monitoring through land use/land cover classification strategies (Biro et al. 2012) . In a recent paper, Mahmoud et al. (2011) utilized SAR in agricultural investigations through fieldbased land cover classification as a way to discriminate between different land cover types.
Numerous models for surface moisture extraction have been developed with correspondence to backscatter-soil dielectric constant relationship, particularly if C-band is used (Thoma et al. 2006) . The major parameter that plays a critical role in slope instability is soil wetness defined by groundwater and soil moisture (Ray et al. 2010) . During the rainy season, the moisture and groundwater table generally increase due to excessive precipitation. Soil saturation is a dynamic factor that causes slopes to become unstable as it creates instability with increasing soil saturation (Ray et al. 2010) . In many forms of slope failure, soil moisture plays a critical role in increasing pore water pressure, which increases stress and reduces soil strength. The combined effect of soil moisture in unsaturated soil layers and pore water pressure in saturated soil layers is critical to predict landslides. However, dynamic in situ soil moisture profiles are rarely considered on regional or global scale (Lakhan 2009).
During the last decades, remote sensing data source has been used widely in many applications; climatological, hydrological, agricultural, and change detection studies. Various parameters such as land use land cover, soil moisture, and land surface temperature (T) can be derived from the remotely sensed data. Empirical models involve direct estimation/extraction of moisture content from backscattering. However, they use only single-polarization and single-incidence angle (Sano et al. 1998 ). In physical-based models, radar backscattering and incidence angle are used in addition to surface roughness and dielectric constant (Fung et al. 1992) . On the other hand, semiempirical models are used based on empirical fitting of backscatter measurements for soil surface (Baghdadi et al. 2004 ). These models can obtain some relationship between empirical models and theoretical models by using common rules produced by both models. Semi-empirical models offer a detailed explanation of radar backscatter of soil moisture and they also can be applied when minimum information about surface roughness is available (Bindlish and Barros 2001) .
In Malaysia, landslides are considered as the second disastrous natural hazard after the flash flood, which largely threat the community . Most of these tropical landslides occur on cut slopes and embankment of roads and highways in hilly areas. Few of these landslides had occurred on residential areas leading to disastrous loss of lives (Althuwaynee et al. 2012; Pradhan 2010a, b; Pradhan and Youssef 2010) .
The main objective of this paper is to extract soil moisture from Radarsat-1 and Landsat-7 ETM+ images over the areas over Bukit Antarabangsa before the specific event of the 6 December 2008 landslide. Subsequently, the results of surface moisture estimation were validated using threefold validation techniques including the area-under-the-curve method.
Study area
Bukit Antarabangsa is a hillside township situated in Ulu Klang, Selangor. It is geographically located at 3°12′00″ north latitude and 101°46′01″ east (Fig. 1) . Due to its close proximity to the Kuala Lumpur Metropolitan City, rapid increase in infrastructure development and construction projects in this area (Mukhlisin et al. 2011) resulted. The general land use varies from flat terrain at peat swamp forest, grassland, ex-mining, and scrub area to a very hilly area of the natural forest ranging between 0 and 420 m above sea level (Lee and Pradhan 2007; Pradhan et al. 2011) . The main types of soil consists of silty sand varying from loose to very dense grains with 17.5 % silt, 45 % sand, and 37.5 % clay. According to Mukhlisin et al. (2011) , the shear strength parameters of the study area's soil are as follows: friction angle (Φ), 23; cohesion, 8.70 KPa; permeability, 2.4048×10 −3 m/s; porosity, 43.00; bulk unit weight, around 19 kN/m 3 ; and the dry unit weight is found to be equal to 16.5 kN/m 3 while the pore water pressure ratio (Rw) is found to be 0.1-0.4.
In tropical country like Malaysia, landslides have been a basic problem in the hilly areas during the monsoon seasons (Sharma et al. 2012) . Although, the geology of the study area is fairly stable, ongoing growth and urbanization has led to deforestation and weathering as well as erosion of the covered soil masses leading to severe threat to slopes (Lee and Pradhan 2007) . Historically, the disastrous landslide occurred over the area was in 1993 due to collapse of the Highland Tower. Later, in 6 December 2008, the study area experienced another landslide disaster at only 1.4 km from the Highland Tower site classifying the area as a high-risk potential for landslides. Although it is implausible that rainfall incident has high potential to trigger landslide, JKRM (2009) reported that before the last event (6 December 2008), the area had faced very high amount of precipitation in November 2008 with 23 rainy days resulting in raised groundwater table. This raise in water table intensified a high pore water pressure which caused the landslide (Al-Karni 2011; JKRM 2009). In addition, the high intensity of tropical rainfall within a short span of time loosen the soil causing a weak slope which leads to soil creep, land slip, and landslide .
Data used
Soil moisture is the amount of water in the top layer of the soil surface; generally the upper 5-10 cm below natural ground surface (Lakhankar 2006) . The hydrological modeling processes are significantly influenced by the variation of moisture values in space and time, so that most of the hydrological models require moisture information that use the point measurements or spatially distributed moisture values derived from physically based models (Lakhankar 2006; Desa et al. 2001) .
One Radarsat-1 SAR scene; passing type, descending; S2 beam mode with incidence angle ranges 30-37°; and resolution of 25 m was acquired in 29 July 2008, which is 4 months prior to the landslide event that occurred in Bukit Antarabangsa. PCI Geomatica and ArcGIS software's were used for image processing, parameters extraction, interpretations, as well as the final maps integration. Radarsat-1 data was converted into calibrated radar backscatter (σ°) in decibel using SARSIGM (Lakhankar 2006) command. Subsequently, images were geometrically corrected and prepared as product level III. The SAR speckle filtering tool of PCI Geomatica software's was used for this purpose. An enhanced Frost Filter with the size of 3×3 (two number of looks) was applied on the Radarsat-1 image; subsequently, the unspeckled pixel value is estimated for each pixel by computing the weighted sum of the center pixel value. Subsequently, mean and variance was calculated in a circular kernel surrounding the pixel.
A subset area of nearly 10 km length and 6 km width was masked over Bukit Antarabangsa, particularly the locations where the 2008 landslide took place. The areas with very dense forests were not considered in this study. The radar incidence angle θ was extracted from the image before the filtration using ENVI 4.8 software and then was used in the moisture extraction from the active microwave's empirical methods. The near-range angle, far-range angle, and all other parameters used for θ estimation which have been collected from the specification of the radar specific scene in the form of text file attached with the image.
Ancillary data
Monthly rainfall data over the study area were collected from Petaling Jaya rain gauge station (the nearest station to landslides locations within the study area) for 2008 in order to compare the moisture with the periodic rainfall intensity. Surface roughness (rms), height (s), and correlation length (l) were estimated for the study area based on Pays de Caux approach (Zribi et al. 2003) . The rationale behind of adopting Pays de Caux method was mainly due to the fact that both study areas have similar soil properties (soil structure) with a common class of soil (sandy clay) as well as the soil roughness properties. For Pays de Caux region, roughness measurements were conducted using a laser profilometer (a transect of 1.6 m with a spatial resolution of 2 mm).
Similarly, Landsat 7 ETM+ images were acquired on 27 January 2008, 19 June 2008, and 26 October 2008, and were subsequently used for moisture mapping. The images were calibrated through converting the digital number into spectral radiance using the sensor calibration data (Markham and Barker 1986) . The spectral radiance values were derived to estimate the brightness temperature using Plank equation (Schott and Volchok 1985; Wukelic et al. 1989 ). The Normalized Difference Vegetation Index (NDVI) was calculated from the red and infrared image bands and finally, the surface temperature was calculated from brightness temperature (Hassaballa and Matori 2011a, b) . Finally, the surface emissivity was calculated by using the logarithmic value of NDVI (Hassaballa and Matori 2011a, b; Van de Griend and Owe 1993) . 
Methodology
A large number of studies have been carried out to investigate the relationship between radar backscattering and soil moisture from active microwave data in different parts of the world. Various theoretical (Fung et al. 1992 ) and empirical models (Dubois et al. 1995; Oh et al. 1992) can be seen in the literature. Figure 2 shows the methodological flowchart adopted in this study.
Moisture content extraction from active microwave sensor
The empirical algorithm proposed by Zribi et al. (2003) for field-scale surface moisture estimation was used in this study. The derivation of the algorithm is based on the results of three experimental radar campaigns conducted under natural conditions. A complete ground truth database was built up with different surface condition measurements such as the rms, s, l, and the volumetric surface moisture (M v ). This algorithm is more specifically developed using the radar cross-section (HH polarization and 39°incidence angle off nadir).
In this study, Eq. (1) has been used to generate the soil moisture map over the study area. The σ 0 map and the roughness parameter z s are the main parameters used in the Eq. (1). (1), the backscatter and roughness parameters were imported to ArcGIS workspace as GRID format using raster calculator tool.
Moisture extraction from optical images
The possibility of inferring the moisture content of soils from optical remote sensing images has been intensively studied (Moran et al. 2004) . In a paper, Gillies et al. (1997) reported a relationship which was used to generate optical-based moisture content maps for validation purpose. Equation 3 depends on the relationship between soil moisture θ, NDVI*, and T* is expressed through a regression formula such as:
In terms of a second*order polynomial, it is expanded as in Sobrino et al. (1993) :
where, T is observed as land surface temperature, and the subscripts o and s stand for minimum and maximum values. Landsat-7 ETM+ images were used for moisture map representation because they were relatively corresponding to Radarsat-1 image capturing date. 
Results and discussion
The moisture content map was generated from the backscattering, incidence angle, and roughness parameters using Radarsat-1 scene over the study area by means of the relation proposed by Zribi et al. (2003) . Figure 3 shows the resultant moisture content map in GRID format. The resultant moisture map shows hilly areas covered by thick forests within the center of study area. This means it is most likely to carry more moisture content than the built-up areas as well as the bare soils. The extracted moisture along the image has a value range of 0.02-0.86. The less moisture value has been noticed mainly over the built-up areas. This could be due the soil is mostly covered by cemented materials, roofing areas, and asphalt. Furthermore, all those surface covers are characterized by drainage systems which act as an infiltration zone for the rain water. The moisture content over the built-up areas is generally lost by evaporation because the surface is exposed to the direct sun illumination and vapor drift by winds. On the other hand, soils under the vegetated areas are shadowed by the leaves against the sun impact and weathering effects. When comparing the surface moisture-temperature relationship, it can be observed that the built up areas have a higher surface temperature than vegetative ones. This could be due the upwelling emission from the asphalted surfaces roofing from the housing areas which causes reduction in surface moisture values over the urban areas.
Lag time effect
Due to the big time gap between the Radarsat-1 image acquisition date (29 July 2008) and landslide occurrence date (6 December 2008), we employed three sets of validation in order to proof that the surface moisture distribution is almost dominant in the studied area. This is mainly due to the nature of land use/land cover over of the area as well as the topographical characteristics. Fig. 4 The moisture content maps retrieved from Landsat ETM+
As it can be observed that mostly high moisture contents are centered along the vegetative areas with highslope terrain.
Moisture maps retrieval from Landsat-7 ETM+ image
Three moisture content maps were extracted from Landsat-7 images and are shown in Fig. 4 . It can be observed that the centralization of the high moisture content over the same location within the three images was noticeably similar to Radarsat-1 high moisture centralization. This gives the first indication that the compatibility with moisture and vegetation between the Radar-and Landsat-7-derived data. It was noticed clearly from both microwave and the optical moisture maps that the high moisture zones spatially correlate the vegetation cover. Optical moisture images were then correlated (bilaterally) against each other in order to prove the dominance of the moisture content throughout the year 2008.
Validation
The validation process of soil moisture retrieval from Radarsat-1 image was conducted in three different ways.
First step: Correlation of Landsat-7 moisture maps versus precipitation record
The high moisture content values during the three Landsat-7 images acquisition periods were matched to the monthly rainfall which was collected from Petaling Jaya station, one of the nearest stations to the landslide locations within the study area (Table 1) . From the comparison table, it was found that the disparity of high moisture amount in each image is quite close to the monthly rainfall disparity, i.e., this indicates a strong correlation between the monthly rainfall and the derived moisture maps from Landsat-7 images (Fig. 5 ).
Second step: Spatial correlation of high moisture contents over Landsat-7 moisture maps
The second validation was performed by comparing the highest moisture content zone with the adjacent moisture content at different time. The success rate curves were created and their areas under the curve were calculated. The rate explains how well the highest moisture values meet each other (Lee and Pradhan 2007; Pradhan 2010a, b; Zare et al. 2012) . So, the area under curve can assess the prediction accuracy qualitatively. To obtain the relative ranks for each prediction pattern, the calculated index values of all cells in the study area were sorted in descending order. Then, the ordered cell values were divided into 100 classes, with accumulated 1 % intervals ( Figure 7 shows the resultant correlation of this process with AUC 0.70 indicating 70 % of correlation. Similarly, Fig. 8 shows the distribution of landslide inventory versus the moisture map. This could be considered as a good indicator of the moisture content impact on the landslides occurrence along the vegetated zone.
Conclusion
In this study, band C has been used to extract the soil moisture with a reasonable accuracy. Soil moisture retrieval is highly influenced by vegetation parameters, as well as the heterogeneity of surface land cover. The influence of such related parameters can be better understood by incorporating ancillary data like rainfall and soil texture where more than one input parameter can be automatically weighted and used to improve the moisture retrieving capabilities. The resultant moisture content map from Radarsat-1 showed a high amount of moisture content in the high vegetated areas which has a historical dominant rate of landslide occurrence in the area. On the other hand, the low moisture content is mainly distributed over the impervious surfaces and the residential areas.
Three sets of validations were performed in order to assure the influences of the moisture in the landslides occurrence. In order to prove the correlation between the moisture content throughout the year 2008 and to show the match of moisture content among the Landsat-7 ETM+ moisture maps. Rainfall data was used to assure the concentration and the distribution of the moisture content in both the maps. Subsequently, the monthly rainfall data was plotted against the high moisture values for three Landsat-7 ETM+ images.
Additionally, a high moisture content was extracted from Radarsat-1 over the specific location. The results show a permanent presence of moisture content in these areas due to the vegetation cover effect; this was confirmed by generating similar moisture maps from the Landsat-7 ETM+, which has resulted in a good similarity in the high-low moisture distribution. Three scenes were correlated against each other (bilaterally) using quintile classification method and resulted in accuracies of 59, 63.5, and 64.5 % for the images of January, October, and June, respectively.
The last sort of validation was performed by correlating the high moisture content locations in the Radarsat-1 image against a landslide inventory which represents the distribution of historical landslide events over the area for the past 20 years. The correlation yielded a reasonable match (about 0.701 AUC), in terms of the adjacency of the landslides locations to the high moisture zones.
The information about the surface moisture maps could provide a good platform for accurate assessment of ground water recharge, subsurface flow, and irrigation. Moreover, it is useful in the identification of construction location and section of foundation materials to be used. The amount of soil moisture can directly affect the hydrologic drought and flooding because they are closely related to its availability in specific region so that the assessment and prediction of urban runoff might possibly be monitored through the study surface moisture content.
